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ABSTRACT




University of New Hampshire, December, 2010
Radiopharmaceuticals are radioactive compounds which are used in radiotherapy or
diagnosis. They have attracted a great deal of attention over the last decades for
molecular imaging. Coordination chemistry also plays an important role in designing
metal-based radiopharmaceuticals. A novel class of tetraazamacrocycle ligands where
two non-adjacent nitrogens are bridged by an ethylene cross-bridge show good
thermodynamic stability and high kinetic inertness in their metal complexes. Seven
trivalent metal (Y3+, La3+, Ga3+, In3+) complexes of cross-bridged ligands have been
synthesized and characterized. Two vanadyl complexes were prepared as well. All metal
complexations have been investigated under microwave-assisted conditions. Both Ga-
CB-TE2P and In-CB-TE2P are remarkably stable under very acidic conditions even at
high temperature. X-ray crystal structures of Y-CB-TE2A and La-CB-TE2A were
obtained which show that both metals are out of the cavity of the ligand and attempts to





Macrocyclic polyamines have attracted a great deal of attention due to the increased
kinetic inertness and thermodynamic stability of their metal complexes.1"8 Scientists are
therefore interested in the synthesis and applications of their metal complexes as well as
the ligand systems themselves.
Tetraazamacrocycles, especially derivatives of cyclen and cyclam [Figure 1.01], can
coordinate a variety ofmetal cations including alkali, alkaline earth, transition metals,
and lanthanides. In 1965, possible eis- or trans- isomers of cyclam metal complexes have
been assigned by Bosnich and coworkers [Figure 1.02]. 9 Numerous studies have shown
that the complexes with cyclic ligands are more thermodynamically stable in comparison
to their acyclic analogues due to the macrocyclic effect.10'11
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Figure 1.01: Cyclen 1 and Cyclam 2
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Figure 1.02: Bosnich-Tobe nomenclature of coordination geometries of the eight metal-
cyclam isomers.
Weisman, Wong and coworkers first reported a class of tetraamine ligands where
two non-adjacent nitrogens are bridged by an ethylene 'cross-bridge' in 1990 [Figure
1.03]. The cross-bridged tetraamine was designed to adopt a low energy conformation
where all four nitrogen lone pairs are convergent upon a cleft which is only suitable for a
cis-V folded coordination geometry and complexation [Figure 1.04]. This is ideal for
complexation of smaller metal cations (e.g. Cu(II), Zn(II), Ga(III) with ionic radii 76 pm





Figure 1.03: CB-Cyclen 3 and CB-Cyclam 4
/Ï-Wh^AÌ_ 9J
Figure 1.04: Three-dimensional representation of CB-Cyclam 4 with all four nitrogen
lone pairs convergent upon its molecular cleft (left). The ligand adopts a cis-V folded
configuration when complexed to a metal cation (right).
The parent cross-bridged ligands can be converted to pendant-armed derivatives
which can complete a six-coordination sphere and help neutralize the positive charge of
the metal cation using ionizable functionalities [Figure 1.05]. We have been interested in
these pendant-armed cross-bridged tetraazamacrocycles and their complexes with metal
cations such as Cu(II), Ga(III) and In(III) due to their potential as bifunctional chelators
3
(BFCs) in radiopharmaceutical applications. CB-TE2A and CB-TE2P can both be such
valuable bifunctional chelators (BFCs).
O
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Figure 1.05: H2-CB-TE2A 5 and H4-CB-TE2P 6
Many transition metals have been used to complex with cross-bridged cyclam and
its pendant-armed derivatives. Cu(II) complexes of ligands 3, 4, 5 and 6 were
synthesized.1415 Ga(III) and In(III) metal complexes of ligands 3, 4 and 5 were also been
prepared. 14'16'17A11 of these complexes show the favored cis-V folded configuration. 18"22
1.2 Molecular Imaging
Molecular imaging has had an important impact on clinical, medical, and
pharmaceutical developments over the last decade. ' It allows doctors to get high-
resolution images of a human body revealing organs and disease states. Several imaging
modalities that are currently used in clinical diagnostic imaging include Positron
Emission Tomography (PET), Magnetic Resonance Imaging (MRI) and gamma
scintigraphy (SPECT). PET and SPECT are nuclear medicine imaging modalities and
PET has the advantage of better sensitivity and resolution. PET has been widely used to
detect cancer, neurological, cardiovascular and other diseases.25 PET requires a
i
biologically-active molecule to deliver a positron-emitting radionuclide to the tissue or
organ of interest. As the radionuclide decays, it ejects a positron from the nucleus which
travels a short distance and annihilates upon contact with an electron to release two 511
keV gamma rays which are ~180° apart. The gamma rays are captured and detected by















There are several important factors that we need to consider when designing a
radiopharmaceutical. These include the half-life of the radiometal, its mode of decay, and
the cost and availability of this isotope.26'27 The half-life should be long enough to allow
for sufficient target uptake and decay to yield clean images but it should not be too long
since radioactivity is harmful to the human body. The energies of the radionuclide
emission should be suitable for the detection equipment. Table 1 lists the decay
28 66^„ 68, 86,characteristics of various gallium, indium and yttrium isotopes. Ga, Ga and Yare
5
all positron emitters and can also emit photons by electron capture which makes them
useful in imaging applications. 67Ga, 90Y and 111In can emit photons by electron capture
and can be used in SPECT.
Isotope tl/2 P"(%) ß+(%) EC (%)
^EGa 9.5h 56% 44%
"57Ga 78.26 h 100%
"TFGa 1.1 h 90% 10%
?5-Y 14.7 h 33% 66%
^uY 64.06 h 72%
TTTIn 67.9 h 100%
Table 1: Decay characteristics of selected metal radionuclides.
1.3 Coordination Chemistry of Gallium(III) and Indium(III)
The most relevant oxidation state for gallium and indium is +3 which is their
preferred oxidation state in an aqueous solution. Ga(III) and In(III) are hard acids, so they
prefer harder donors such as amines, carboxylates and phenolates. Ga(III) is often six-
coordinated due to its smaller size (62 pm for coordination number 6). In(III) (80 pm for
coordination number 6 and 92 pm for coordination number 8) is larger than Ga(III) and
can adopt eight-coordinate complex geometries. Another aspect which should be
considered is that hydrated Ga(III) and In(III) are only soluble under acidic conditions
(-log of hydrolysis constants for Ga(III): 2.6, In(III): 4.0) which means the reaction pH
should be carefully controlled.
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1.3.1 Coordination chemistry of Ga(III) and In(III) with cyclam, cyclen and their
derivatives
There are only limited literature published on Ga(III) and In(III) complexes of
cyclam, cyclen and their derivatives. A gallium(III) complex of DOTA-D-PheNH2
(Figure 1.06) was synthesized by Macke and coworkers.29 From the crystal structure, the
chelator adopts a pseudo-octahedral geometry with a cw-folded macrocyclic unit. Two
transannular nitrogens of the cyclen ring and two oxygens of corresponding carboxylate
arms form an almost perfect equatorial plane. There is a free carboxylate group which is











Figure 1.06: X-ray structure of Ga-DOTA-D-PheNH2
Two indium complexes In-D03A and In-TE3A were investigated (Figure 1.07).30
Their structures are similar to each other. Both of them are seven-coordinated by the four
nitrogens in the cyclen ring and three carboxlate groups and they both have a
7
monocapped trigonal-prismatic geometry. However, several important differences such
as bond lengths and bond angles indicate that D03A satisfies the geometrical












Figure 1.07: X-ray structure of In-D03A and In-TE3A
8
In 2006 Neumaier and coworkers reported the Ga(III) and In(III) complexes of 3-(5-
D03A-pentyl)thymidine (D3T).31 The new nucleoside conjugate which contains the
chelate D03A and thymidine with a methylene linker as well as the gallium(III) and
indium(III) were synthesized. [u 1In]DST was evaluated for cellular uptake in different
cell lines (HL60 and DoHH2) and cellular uptake was low in both cases. The authors
suggested that this neutral radiometal-labeled complex could be promising for cellular
uptake studies.
1.3.2 Coordination chemistry of Ga(III) and In(III) with cross-bridged
tetraazamacrocyclic ligands
Gallium and indium complexes of cross-bridged ligands were first prepared by
Niu.14 Niu was able to synthesis and characterize [GaCl2-CB-Cyclen]Cl, [GaCl2-CB-
Cyclam]Cl, [InBr2-CB-Cyclen]Br, [InBr2-CB-Cyclam]Br and [Ga-CB-D02A]NO3.
[GaCl2-CB-Cyclam]Cl has a slightly distorted octahedral coordination sphere where the
axial N-Ga-N angle is 169.3°. [InBr2-CB-Cyclam]Br also has a distorted octahedral
coordination geometry with an axial N-In-N bond angle of 164.3°. Comparison of these
two complexes shows that the larger In(III) does not fit as well as the smaller Ga(III).
The pseudo-octahedral coordination geometry [InBr2-CB-Cyclen]Br is even more
distorted with an axial N-In-N bond angle of 144.0°, which is the most distorted
geometry among the four gallium and indium complexes of CB-Cyclam and CB-Cyclen.
This is the result of a combination of the large size of indium cation and smaller cavity of
the cyclen-based ligand. [Ga-CB-D02A]N03 has a distorted octahedral coordination
geometry with an axial N-Ga-N angle of 164.6°. [In-CB-D02A]C1 was synthesized by
9








Figure 1.08: X-ray structures of Ga-CB-TE2A, [In-CB-TE2A]C1 and [In-CB-TE2A]PF6
Terova successfully synthesized and fully characterized Ga(III) and In(III)
complexes of dicarboxylate cross-bridged tetraamines (Figure 1.08).17 Terova was also
the first to use a microwave method to synthesize this type of metal complex. [Ga-CB-
TE2A]N03, [In-CB-TE2A]C1 and [In-CB-TE2A]PF6 were all prepared by this
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microwave procedure. [Ga-CB-TE2A]N03 has a slightly distorted octahedral geometry
with an axial N-Ga-N bond angle of 179.1°. When comparing [Ga-CB-D02A]C1 and
[Ga-CB-TE2A]N03, the gallium cation fits better in the cyclam-based ligand than the
cyclen-based one. These results show that Ga(III) is a much better fit in CB-TE2A. [In-
CB-TE2A]C1 has a capped octahedral coordination geometry so this indium is seven
coordinated. The axial N-In-Cl angle is 160.2° which means the larger indium fits poorly
compared to gallium in [Ga-CB-TE2A]NO3. [In-CB-TE2A]PF61S structural data confirm
a distorted octahedral complex. The axial bond angle ofN-In-N is 174.3°. Through a
slightly poorer fit than Ga(III), the In(III) fits better in this structure than in [In-CB-
TE2A]C1 because of a lower coordination number.
1.4 Coordination chemistry of Yttrium(III)
In aqueous solution, the most prevalent species of yttrium is Y(III). Y(IH) (90-108
pm for coordination number 6-9) is significantly larger than either Ga(III) or In(III) and
can reach the coordination numbers 8 and 9. The -log of hydrolysis constant for Y(III) is
7.7. Yttrium is also considered as a hard acidic cation.
Macke and coworkers also synthesized Y-DOTA-D-PheNH2 (Figure 1.09).29 Unlike
Ga-DOTA-D-PheNH2, the Y(III) complex is eight-coordinate and forms a very compact














Figure 1.09: X-ray structure of Y-DOTA-D-PheNH2
In 2001 Kimura and coworkers reported a nine-coordinate Y(III) complex of 1-
dansylamidoethyl-4,7,10-tris(carbamoylmethyl)-cyclen (Figure 1.10).32 Here Y3+ has a
square antiprismatic coordination geometry and is coordinated with four nitrogens of the
cyclen ring, carbonyl oxygens of three carbamoylmethyl arms, one sulfonyl oxygen as
well as the depronated N- 16 of the sulfonamide.
12
C32
Figure 1.10: X-ray structure of Y-l-dansylamidoethyl-4,7,10-tris(carbamoylmethyl)-
cyclen
A dialkyl complex [Y(Me3TACD)(CH2SiMe3)2] (Me3TACDH = 1 ,4,7-trimethyl-
1,4,7,10-tetraazacyclododecane) was prepared and the coordination geometry of the
yttrium center is found to be a twisted square antiprism with two vacancies (Figure
l.ll).33 When the Y(III) complex was reacted with dihydrogen or PhSiH3 at room
temperature, a dihydride trimer was formed (Figure 1.12). Each yttrium center is now

























Figure 1.12: X-ray structure of the trimer (left) and monomelic unit (right) of
[Y(Me3TACD)H2J3
1.5 Coordination chemistry of Lanthanum(III)
Lanthanide(III) complexes are widely used as pharmaceutical agents for their
diagnostic or therapeutic properties.34"37 The lanthanide elements have atomic numbers






chemically very similar to lanthanum which can be chosen to represent all other
lanthanides.
In the solid state, the [La2(dota)(Hdota)]~ complex displays a nine-coordinate
io
geometry which can be described as capped twist square antiprism (Figure 1.13). The





















Figure 1.13: X-ray structure of [La2(dota)(Hdota)]~
The Li[LaDOTP(H2O)] structure shows a nine-coordinate geometry. Four
nitrogens as well as four oxygens are form parallel planes. The La(III) lies between these
two planes, close to the O4 plane (Figure 1.14). Thus, the arrangement should be
described as a square antiprism. A water molecule capping the O4 plane of the twist








Figure 1.14: Lanthanum coordination sphere of LaDOTP(EbO)
1.6 Coordination chemistry of Vanadyl
The vanadyl cyclam complex was recently investigated by Sadler and coworkers.
Two oxovanadium cyclam complexes, oxovanadium cyclam sulfate and oxovanadium
cyclam dichloride, were synthesized (Figure 1.15).40 [VO(cyclam)S04] as well as
[VO(cyclam)Cl]Cl both exhibited the trans-III configuration. Both of these complexes
have a distorted octahedral geometry with sulfate and chloride trans to the axial V=O
group. The [VO(cyclam)Cl]Cl complex crystallized with two molecules in the
asymmetric unit. Electron paramagnetic resonance (EPR) studies suggested that the
sulfate and chloride are substituted by water in solution.
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Figure 1.15: X-ray structures of [VO(cyclam)S04] (left) and [VO(cyclam)Cl]Cl (right)
1.7 Research goals
This thesis focuses on the synthesis and characterization of gallium(III) and
indium(III) complexes of phosphonic acid pendant armed cross-bridged ligand (CB-
TE2P) and yttrium(III), lanthanum(III) and oxovanadium(IV) complexes of two pendant
armed cross-bridged tetraazamacrocycles (CB-TE2A and CB-TE2P). The ligands were
prepared according to previous procedures developed in the Weisman-Wong group
(Scheme 1 and Scheme 2)13'15'41'42 and CB-TE2A was provided by Peter Christy. Metal
complexes were synthesized and characterized by IR, 1H NMR, 13C(1H) NMR, 31P(1H)
NMR spectroscopy, elemental analysis as well as single crystal X-ray structural
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Scheme 2: Synthetic routes to CB-TE2P 6 and CB-TE2A 5 from CB-Cyclam 4
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CHAPTER II
TRIVALENT METAL COMPLEXATION OF CROSS-BRIDGED CYCLAM
BEARING DICARBOXYLMETHYL PENDANT ARMS
2.1 Introduction
As discussed in Chapter I, several metal complexes with dicarboxylmethyl pendant-
armed cross-bridged cyclam CB-TE2A (5) have been synthesized and characterized due
to its utility as a bifunctional chelator (BFC) in radiopharmaceutical-based
applications.43 M CB-TE2A was conjugated to the somatostatin analogue tyrosine-3-
octreotate (Y3-TATE). In biodistribution studies, tumor uptake for 64Cu-CB-TE2A-Y3-
TATE was 4.4 times greater than for 64Cu-TETA-Y3-TETA. Therefore CB-TE2A has
been confirmed to be a superior in vivo bifunctional chelator due to both improved

















Figure 2.01: Structures of TETA-Y3 -TATE and CB-TE2A-Y3-TATE
45
A comparison of Cu-CB-TE2A and Cu-CB-TE2LA has also been reported. In
kinetic inertness studies, their acid decomplexation half-lives in 5 M HCl are similar,
154(6) hours for Cu-CB-TE2A and approximately 100 hours for Cu-CB-TE2LA.
However, Cu-CB-TE2LA is substantially less resistant to reduction by 400 mV in
electrochemical reductions which would make it much easier to reduce and subsequently
lose Cu(I) in vivo. Biodistribution studies of 64Cu-labeled analogues of these two










Figure 2.02 Ligands H2-CB-TE2A 5 and H2-CB-TE2LA 7
Recently, Orjana Terova synthesized Ga(III) and In(III) complexes of CB-TE2A and
also investigated their acid-decomplexation studies.17 The gallium complex study was
performed in 5 N DC1/D20 and there was only 13.2% decomplexation after a period of
24 hours with no further change over a period of 6 months. The half life for [In-CB-
TE2A-Cl] in 1.03 M DC1/D20 solution at 25 0C is 165 (± 28) minutes and the half life for
[In-CB-TE2A]PF6 in 1.02 M DC104/D20 solution at 25 0C is 630 (± 71) hours. The data
for [In-CB-TE2A]PF6 indicate that it is more kinetically inert than [In-CB-TE2A-Cl]
since the cation fits significantly better in the [In-CB-TE2A]PF6 complex because of its
lower coordination number of 6.
2.2 Synthesis and characterization of metal complexes
2.2.1 Synthesis of the Yttrium(III) complex, 8
Ligand 5 (as a TFA salt from its t-butyl ester) was dissolved in methanol. An
equivalent of yttrium nitrate hexahydrate in methanol was added. The pH of the resulting
solution was adjusted to 5 by adding aqueous sodium hydroxide. The reaction was run in
closed-vessel mode in a microwave reactor for one hour at 100 0C. The precipitate was
centrifuged off and the resulting yellow solution was placed in an ether diffusion
chamber. Ether diffusion into this solution afforded yellow oil. The crude product was
dissolved in methanol again and a small amount of precipitate was removed via
centrifugation. The supernatant solvent was then removed under reduced pressure to
afford a white solid (77% yield by mass recovery). Diethyl ether was diffused in to its
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methanol solution at room temperature which yielded clear crystals of sufficient quality
for X-ray structure analysis.
Figure 2.03 shows the 1H NMR spectrum of the yttrium(III) complex 8. This
reveals an upfield doublet of multiplet (d 1.70-1.78) shifted from d 1.73-1.82 (Figure
2.04) which is assigned to the equatorial protons on the ß-ring carbons. Another multiplet
at d 2.30-2.43 corresponds to the axial protons of the ß-ring carbons. The methylene
protons from carboxylate pendant arms appear in an AX pattern with an additional long-
range W-coupling. The 13C(1H) NMR spectrum (Figure 2.05) has seven carbon
resonances in the upfield region. It also shows the carboxyl carbon of the pendant arms at
d 170.99. Both 1H and 13C(1H) NMR spectra show that the yttrium(III) complex is C2-
symmetric. A 2D [1H, 13C] gHMQC spectrum (Figure 2.06) was also collected. The
carbon resonance at d 57.24 correlates with the diastereotopic methylene protons on the
pendant arms. The upfield carbon resonance at d 20.00 is assigned to the ß carbon in the
ring since it is correlated with the ß methylene protons.
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Figure 2.03: 1H NMR spectrum of 8 in D2O
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Figure 2.04: 1H NMR spectrum of ligand 5 TFA salt in D2O
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Figure 2.05: 13C(1H) NMR spectrum of 8 in D2O
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Figure 2.06: 2D [1H, 1JC] gHMQC NMR spectrum of 8 in D2O
The IR (neat) spectrum (Figure 2.07) of 8 shows bands around 3000-2800 cm"
which corresponds to the CH2 stretch. Its carboxylate band at 1630 cm"1 indicates
coordinated carboxylate pendant arms. The very strong sharp peak observed at 1307 cm"
can be attributed to NO2 stretch of nitrate group.46'47 The vsym(N02) vibration at 1056 cm"
1 is characteristic of a bidentate chelating nitrate. The broad and medium intensity band
at 3392 cm"1 and weak band at approximately 798 cm"1 are due to the symmetric and out-
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Figure 2.07: IR(neat) spectrum of 8
X-ray structural data for the yttrium(III) complex 8 have been obtained (Figure
2.08). Important bond lengths and bond angles are summarized in Table 2. The
yttrium(III) cation is out of the cleft of the ligand. Yttrium is nine-coordinated due to its
large size. Three nitrate groups are bidentate and a water molecule as well as two
carboxylates are also coordinated. This result is agreement with the infrared spectrum.
The ligand is inside-protonated and the lengths of intramolecular N-H hydrogen bonds
are 1.843 and 1.877 Â. This out-of-cavity structure is important in that it may represent
the intermediate during the formation of other metal CB-TE2A complexes (Scheme 3).
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Scheme 3: Proposed mechanism of formation of an in-the-cavity metal CB-TE2A
complex
Since the yttrium cation is out of the cleft, higher temperatures and longer reaction
times were used to push the metal to the inside of the ligand. Y(N03)3-CB-TE2A was
therefore dissolved in D2O and the clear solution was subjected to a closed-vessel mode
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microwave reaction for 2 hours at 150 0C. The solvent was removed under reduced
pressure to yield a white solid.
1H and 13C(1H) NMR spectra of the resulting complex were obtained (Figure 2.09
and Figure 2.10). The spectra show only one significant difference from the H and
13C(1H) NMR spectra of the starting material. In the new 1HNMR spectrum, only 24
protons were observed. The AX doublets at d 4.1 1 and d 3.47 have disappeared. Both of
these are from the methylene protons of the pendant arms. Futhermore, there are seven
carbon resonance in its 13C (1H) NMR spectrum instead of eight. The missing resonance
(around d 57) can also be assigned to the methylene carbon of the pendant arms.
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Figure 2.09: 1H NMR spectrum of 8 after 2 hours at 150 0C microwave reaction in D2O
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Figure 2.10: C{ H} NMR spectrum of 8 after 2 hours at 150 °C microwave reaction in
D2O
These 1H and 13C(1H) NMR spectra suggest that the hydrogen atoms on the pendant
arms must be sufficiently acidic to be exchanged with deuterium from the D2O solvent
(Scheme 4).
Even longer times and higher pHs were also used to try and push the yttrium atom
into the cleft. However, even after the sample was reacted in a closed-vessel mode
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Scheme 4: H/D exchange process in D2O
2.2.2 Synthesis of the Lanthanum(III) complex, 9
Since lanthanum(III) is very similar to yttrium(III) chemically, the same procedure
was used for its complexation. Ligand 5 from TFA hydrolysis of its t-butyl ester was
dissolved in methanol and an equivalent of lanthanum nitrate hexahydrate in methanol
was added. Aqueous NaOH was added to adjust the pH to 5 and the reaction was run in a
closed vessel for one hour at 100 0C in a microwave reactor. When the reaction was
finished, the precipitate was separated by centrifugation. Diethyl ether was diffused into
this methanol solution to afford a yellow oil. This crude product was washed with
methanol and any insoluble solid was removed. The supernatant was evaporated to
dryness to give a white solid (72% yield by mass recovery).
The solution structure of this lanthanum(III) complex is of averaged C2 symmetry as
confirmed by both 1H and 13C(1H) NMR spectroscopy (Figure 2.11 and Figure 2.12).
As expected, the proton spectrum is very similar to that of the yttrium(III) complex. An
upfield doublet of multiplet (d 1.70-1.78) is assigned to the equatorial protons on the ß-
ring carbons while the multiplet at d 2.29-2.41 corresponds to their axial protons. The AX
1 "3 1
doublets of the pendant arm methylene protons appears at d 3.33 and 4.12. The C{ H}
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NMR spectrum reveals eight total carbon resonances. The carbon resonance at d 19.64
corresponds to the ß-carbon in the ring and the carbon resonance at d 171.33 corresponds
to the carboxyl carbon on the pendant arms.
I
?—,—,—,—f—,—?—_,—t—,—¦—?—*—r—r—%—?—[—"—I—r—i—t~>—?—?—r—'—r—·—?—<~~i—·—,—t——?—t—'—?—'—?—' ? r~~¡ '""i *""i t~¦ r~~> I
.5 4.4 4.3 4.2 4,1 4.0 3.9 3.8 37 3.6 3.5 3/4 3.3 3.2 3.1 3.0 2.9 2,8 2J 2.6 2.5 2.4 2,3 2,2 2.1 2» 1.9 1.8 IJ 1.6 1.
ppm
Figure 2.11: 1H NMR spectrum of 9 in D2O
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Figure 2.12: 13C(1H) NMR spectrum of 9 in D2O
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The IR (neat) spectrum (Figure 2.13) shows the CH2 stretch at 2852 cm" . There are
also two sharp carboxylate bands from the coordinated carboxylate pendant arms at 1619
and 1685 cm"1. The characteristic strong band of ionic nitrate was observed in 1313 cm" .
The band at 1057 cm"1 from a symmetric NO2 vibration is indicative of bidentate
coordination of the nitrate ion. Also the broad band at 3424 cm"1 and weak peak at 799
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Figure 2.13: IR(neat) spectrum of 9
X-ray structural data for 9 have been obtained (Figure 2.14). Important bond length
and bond angles are summarized in Table 3. The complex structure is dimeric. Two
lanthanum atoms and four CB-TE2A ligands were found. Both of the lanthanums are
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outside the ligand and all four ligands were inside di-protonated. One La(N03)6 " anion














Figure 2.14: X-ray structure of 9
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La(I)-O(I) 2.436(4) La(l)-0(2) 2.469(4)
La(l)-0(3) 2.539(4) La(l)-0(4) 2.697(4)
La(l)-0(5) 2.731(4) La(l)-0(5A) 2.541(3)
La(l)-0(6) 2.562(5) La(l)-0(7) 2.560(6)
La(l)-0(8) 2.563(6)
0(l)-La(l)-0(2) 74.1(1) 0(3)-La(l)-0(4) 69.2(1)
0(3)-La(l)-0(5) 68.0(1) 0(4)-La(l)-0(5) 48.1(1)
0(5)-La(l)-0(5A) 63.7(1) 0(1)-La(l)-0(5A) 142.6(1)
0(2)-La(l)-0(5A) 138.1(1) 0(3)-La(l)-0(5A) 83.5(1)
0(4)-La(l)-0(5A) 111.6(1) 0(6)-La(l)-0(7) 132.7(2)
0(6)-La(l)-0(8) 76.3(2) 0(7)-La(l)-0(8) 69.6(2)
Table 3: Selected bond lengths (A) and bond angles (deg) of 9
Again, lanthanum complex 9 was dissolved in D2O and and the clear solution was
subjected to a closed-vessel mode microwave reaction for 2 hours at 150 0C. Only H/D
exchange of the hydrogen atoms on the pendant arms was observed in both H and
13C(1H) NMR spectra.
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2.2.3 Synthesis of the Vanadyl complex, 10
Ligand 5 which was prepared from trifluoroacetic acid and its t-butyl ester was
dissolved in methanol. VO(SO4) ·5?20 solid was added in one portion. The pH of the
solution was adjusted to 5 with aqueous NaOH. The resulting solution was placed in a
closed-vessel mode microwave reactor for 30 minutes at 1 00 0C. The color of the
solution changed to green and a gray precipitate was formed. The precipitate was
separated by centrifugation and ether diffusion into the supernatant to afford a dark-green
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Figure 2.15: IR(neat) spectrum of 10
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Since vanadyl complexes are paramagnetic, NMR spectroscopy is not useful. IR
spectroscopy (Figure 2.15) of the complex (neat) showed a characteristic V(IV)=O
vibrational stretch at 969 cm"1 and typically this vv=o is found around 980 cm" . The
bands from 2800 cm"1 to 3000 cm"1 belong to the CH2 stretches. This IR spectrum also
shows bands at 1 159, 1 126, 1055 and 608 cm"1 from the sulfate group. Element analysis
also confirmed the presence of SO42". The maximum absorption in the visible region of
electronic spectrum is observed at 670 nm (e = 1 1 M"1 cm"1). Electron paramagnetic
resonance (EPR) spectroscopy will also be helpful in the future to provide more
characterization information.






Table 4: IR data of selected metal complexes of CB-TE2A 5
Table 4 summarizes the selected IR data. The vanadyl complex 10 has a higher
wavenumber in its carboxylate stretch than that of yttrium(III) complex 8 and
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lanthanum(III) 9. This wavenumber is more similar to [Ga-CB-TE2A]N03 and [In-CB-
TE2A]PF6. Thus, the vanadyl complex 10 may also have an in-the-cavity structure.
2.3 Acid decomplexation studies
One important aspect of evaluating metal complex-based imaging agents is their in
vivo behavior. Their stability in vivo is critical because any released radiometal can bind
to serum proteins such as transferrin which can be harmful if significant amounts of
radiometal are retained in the body.48"51
Acid dissociation studies have been used to investigate the relative kinetic inertness
of metal polyamine complexes especially those of Cu(II).52"55 Unlikely Cu(II) complexes,
Ga(III), In(III), Y(III) and La(III) complexes are diamagnetic which make them amenable
to NMR spectroscopic studies. These studies were carried out in DCI/D2O solutions and
can be used to monitor their decomplexation processes.
Both of the complexes described (8, 9) decomplexed within 5 minutes in 0.99 M
DCI/D2O which is not surprising considering their out-of-cavity structures.
2.4 Summary and conclusion
The Y(III), La(III) and V(IV)O complexes of CB-TE2A were synthesized and
characterized by 1H NMR and 13C(1H) NMR where possible, IR and elemental analysis.
X-ray crystal structures of the Y(III) complex 8 as well as the La(III) complex 9 were
also obtained which shows that both metals are out of the cavity of the ligand. The Y(III)
cation in 8 is in a nine-coordinate environment. Three nitrate groups are bidentate and a
water molecule is also coordinated. The lanthanum(III) complex 9 showed a dimeric
37
structure. Both 8 and 9 have averaged C2 symmetry in solution at room temperature.
Even higher temperature and longer time of microwave reaction condition did not
produce an inside cavity complex 8 and 9. Neither yttrium complex 8 nor lanthanum
complex 9 is stable in 1 M acid.
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CHAPTER III
TRIVALENT METAL COMPLEXATION OF CROSS-BRIDGED CYCLAM
BEARING METHANE-PHOSPHONIC ACID PENDANT ARMS
3.1 Introduction
The coordination chemistry of tetraazamacrocyclic aminophosphonates has been
studied.56"60 DOTP was the first such ligand synthesized in 1984.61 DOTA and DOTP' s
first protonation constants were measured [Scheme 5]. 62 The phosphorus atom is larger
than the carboxylate carbon which can create more steric bulk and in addition, an extra
hydroxyl group is present in the phosphonic acid group.63'64 The basicity of DOTP is
higher than that of DOTA which may increase the stability of its metal complexes. There
are potentially two negative charges on each phosphonate group which have more
negative charges and thus increase the basicity of the amines. Another explanation is that
the intramolecular hydrogen bonding of the phosphonate is stronger than that of acetate
[ Figure 3.01]. 61 The C-P and P-O bond lengths in the phosphonate arm are longer than
the C-C and C-O bond lengths of acetate which could enhance the hydrogen bonding and
decrease the strain in the hydrogen bonding ring. Hermann and coworkers reported a
cyclam ligand bearing two methylenephosphonic acids in 2000 [ Figure 3.02]. They
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showed that there are two intramolecular hydrogen bonds between each negatively-
charged phosphonate oxygen and an ammonium proton.
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Scheme 5: Protonation of ligands 11 (DOTA) and 13 (DOTP)









Figure 3.01: Structure of DOTP (13); Representations of hydrogen bonding in
aminophosphonate and amino acid derivatives.
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Figure 3.02: Ligands TE2P 15 and H4-TE2P 16
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Dan Stigers prepared and investigated CB-TE2P (a methylphosphonic acid pendant
armed derivative of CB-cyclam) (Figure 3.03).15'66 The synthetic approach from the
cross-bridged cyclam is shown in Scheme 6 [Scheme 6]. Parent cross-bridged cyclam
was reacted to form a bis-diethylphosphonate by a variant of the Kabachnik-Fields three
component reaction.64'67 The cross-bridged cyclam, triethylphosphite and
paraformaldehyde were reacted in anhydrous THF under nitrogen at room temperature
for 4 days. The intermediate was then hydrolyzed in 6 M HCl under reflux for 24 hours to
give the desired product after purification by ion-exchange chromatography.
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Figure 3.04: X-ray structure of Cu-CB-TE2P
Dan Stigers also synthesized the Cu-CB-TE2P complex (Figure 3.04) and
confirmed that these phosphonic acid pendant arms are a suitable alternative to
carboxylate pendant arms on cross-bridged ligands.66 He determined that CB-TE2P can
exhibit faster complexation kinetics than CB-TE2A. Acid-assisted decomplexation
studies of CU-CB-TE2P showed t1/2(5 M HCl, 90 °C) = 3.8 h. From an in vivo study,66 a
significant enhancement in the liver clearance properties of 64Cu-CB-TE2P versus those
of 64Cu-CB-TE2A showed that a related phosphonate-containing BFC in a bioconjugate
should improve liver clearance.
3.2 Synthesis and characterization
3.2.1 Synthesis of the Gallium(III) complex, 17
Gallium is the third element of Group 13 and its only stable oxidation state is +3 in
aqueous solution. The gallium(III) cation could be easily hydrolyzed into insoluble
42
Ga(OH)3 precipitate over a wide pH range from 3 to 9. If the solution pH is higher than
9.6, the soluble gallium anion [Ga(OH)4]" will form. Depending on the ligands, Ga(III)
can have coordination numbers of 3 to 6. The water exchange rate for Ga(III) is relatively
slow due to its small size (ionic radius: 44-62 pm for coordination number 4-6) and high
charge and it is considered a hard acid.
One equivalent of 6 (as an HCl salt from its diethyl ester hydrolysis) was dissolved
in H2O. To this solution, an aqueous solution of Ga(NOs)3 hydrate was added. The pH of
the resulting solution was adjusted to 4 by adding aqueous 0.1 M NaOH. If the pH is
higher than 4.5, a precipitate will start to form. Then the reaction was run in a closed-
vessel microwave tube for 2 hours at 180 0C. A small amount ofprecipitate was removed
via centrifugation. The solvent was then removed and the resulting solid was dissolved in
methanol. Ether diffusion into this solution afforded a yellow solid (65% yield by mass
recovery).
In the 1H NMR spectrum of 17 (Figure 3.05) which is consistent with a C2
symmetry complex, the two upfield signals correspond to the equatorial and axial protons
on the ß-methylene of the three-carbon bridges in the ring. The equatorial ß-proton has
one large proton-proton coupling with the axial proton and four other smaller couplings
with remaining protons in the spin system resulting in a doublet of muliplets. On the
other hand, the axial ß-proton has three large couplings and two smaller couplings that
appear as multiplet. There are seven carbon resonances observed in its 13C{!H} NMR
spectrum (Figure 3.06). One of them (d 60.85) is a doublet from the carbons of the
pendant arms due to 31P-13C coupling. The 1JpC coupling constant is 132 Hz which is very
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similar to that in the free ligand of 137 Hz. Another resonance that is a doublet is at d
62.14 with a coupling constant 3JPC of 15.1 Hz. The 31P(1H) NMR spectrum of complex
17 shows a single peak at d 19.09 (Figure 3.07) which has shifted from d 9.48 in the
ligand CB-TE2P 6.
AJLma_ _A„ A
—?—?—!—¦—?—?—?—¦—r—'—?—¦—?—t—'—?—'—?—¦—r—¦—?—·—?—"—?—¦—!—<—?—'—?—'—?—¦—?—'—?—'—?—'—?—' ? ' ? ·~~?
3.9 33 3.7 36 3.5 3.4 3.3 3,2 3.1 3.0 2.9 2.8 27 2.6 2S 2.4 2.3 2.2 2.1 2.0 1.9 1.8 1.7 16 1.
ppm
Figure 3.05: 1H NMR spectrum of 17 in D2O
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Figure 3.06: 13C {?} NMR spectrum of 17 in D2O
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Figure 3.07: 31P(1H) NMR spectrum of 17 in D2O
This complex was also characterized by IR spectroscopy (Figure 3.08). A broad
band at 3435 cm"1 corresponds to the O-H stretch from water which is also confirmed by
the elemental analyses. A sharp band at 1386 cm"1 is assigned to the ionic nitrate group.
The multiple bands between 1 139 to 1041 cm"1 are due to the P-C group. Another band at


























































Figure 3.08: IR(BCBr) spectrum of 17
An attempt was taken to further purify this yellow gallium(III) CB-TE2P complex
by counterion precipitation. Several counterions were used to try and precipitate the [Ga-
CB-TE2P]" complex from methanol solution under basic conditions (pH > 14). These
included tetramethylammonium, cesium(I) and barium(II). None of these precipitated the
anionic [Ga-CB-TE2P]\ In acid, the gallium(III) complex can also be a cation as [Ga-H2-
CB-TE2P]+ (pH =4). NH4BF4, NaClO4, NaSCN and NH4PF6 were also used to try to
precipitate the complex. Again, none of them precipitated the gallium(III) complex.
Another attempt to purify the gallium(III) complex was by thin-layer
chromatography (TLC). Three different stationary phases were tried. They are silica gel,
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aluminum oxide and cellulose. Methanol was used as the mobile phase with a few drops
of acetic acid or triethylamine added. All nine attempts did not result in any separation.
Numerous attempts to obtain X-ray crystals were tried. Methanol/diethyl ether
diffusion yielded only crystals of sodium chloride or sodium nitrate. Water/acetone
diffusion gave a powder. Slow evaporation from water, methanol and 95% ethanol
solutions were unsuccessful. Slow evaporation from 1 M HCl solution also did not form
X-ray quality crystals. Finally, since excess sodium nitrate and sodium chloride are
present in the crude reaction mixture, the crude product was dissolved in 1,1,1,3,3,3-
hexafiuoro-2-propanol. Still ether diffusion into or slow evaporation of the solution did
not yield X-ray quality crystals.
Ga
Figure 3.09: Proposed structure of 17 by computer program Spartan
Based on the NMR data, a structure of gallium complex 17 was proposed by a
computer program called Spartan via molecular mechanism (Figure 3.09). The complex
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17 should have a C2 symmetric structure and the gallium(III) should be six-coordinate. Its
impressive acid inertness also attests to its being an inside-cavity complex.
3.2.2 Synthesis of the Indium(III) complex, 18
In aqueous solution, indium(III) also tends to form the insoluble hydroxide species
whenever the pH is higher than 4. Indium(III) is a larger cation than gallium(III) and can
adopt seven or eight coordinate complexes (Ga(III): 62 pm vs In(III): 80 for coordination
number 6).
A similar procedure for Ga(III) complexation of CB-TE2P was used. Ligand 6 was
dissolved in water. One equivalent of In(N03)3 pentahydrate in water was added. The pH
of the resulting solution was adjusted to 4 with aqueous NaOH. The reaction was then
reacted in a closed vessel in a microwave reactor for 2 hours at 1 50 0C. The precipitate
formed was removed by centrifugation. The solvent was evaporated from the supernatant
and the resulting residue was dissolved in methanol. Diethyl ether was diffused into this
methanolic solution to afford a white powder (77% yield by mass recovery).
When the temperature of the microwave reaction was increased to 180 0C while the
other conditions were unchanged, the resulting product showed a yellow color. The H
NMR and 13C(1Hj NMR spectra of this yellow product revealed broad peaks. This may
indicate that the product had decomposed at this high temperature.
The 1H NMR spectrum of complex 18 (Figure 3.10) reveals two diagnostic upfield
multiplets. They are a doublet of multiplets (d 1.83-1.93) for the equatorial ß-CH2 protons
and a board quartet of multiplets (d 2.27-2.43) for the axial protons of the ß-methylene
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which could be assigned from its 2D [1H, 13C] gHMQC spectrum (Figure 3.12). Its
13C(1H) NMR spectrum (Figure 3.11) shows a ß-carbon at d 23.17 as well as six other
peaks. Again, a doublet carbon signal at d 59.62 corresponds to the carbon of the pendant
arms with a 1JpC coupling constant of 128.7 Hz. Its 31Pi1H) NMR spectrum reveals a
single peak at d 15.20 (Figure 3.13) which also indicates that the complex has a C2-
symmetric geometry. This peak shifted downfield from d 9.48 in the free ligand while it
is more upfield compared to the gallium(III) complex 17 (d 19.09).
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Figure 3.10: 1H NMR spectrum of 18 in D2O
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Figure 3.12: 2D [1H, 13C] gHMQC NMR spectrum of 18
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Since the indium cation is larger than the gallium cation, the coordination number
for indium(III) could reach seven or even eight. Broad resonances in both the H NMR
and 13C(1H) NMR spectra were observed in [In-CB-TE2AC1] and [In-CB-TE2A]N03 by
Terova.17 One explanation for this dynamic broadening at room temperature is exchange
with a donor filling the seventh coordination site. Since there is no significant dynamic
broadening observed in [In-CB-TE2A]PF6, Terova proposed a fiuxional seven-
coordinated solution species to account for this behavior (Scheme 7). Since there is no
significant dynamic NMR broadening for the indium(III) CB-TE2P complex 18, the
counterion is likely not coordinating.
-N///,,,,,.. >° _. _ r -?a?«, /-° _.
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Scheme 7: Possible dynamic behavior of [InCBTE2ACl]
Similar to the Ga(III) complex, the IR (KBr) spectrum of In(III) CB-TE2P complex
18 (Figure 3.14) shows a band at 1386 cm"1 which can be assigned to the nitrate
counterion. A sharp band at 1091 cm"' corresponds to P-C bond. The spectrum also
contains a peak at 982 cm"1 corresponding to the P-OH stretch. Again, the broad band at
3443 cm"1 corresponds to the O-H stretch from water which is also confirmed by CHN
analyses.
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Efforts to grow X-ray quality crystals were unsuccessful. Diethyl ether diffusion was
used to grow crystals in methanol in regular test tubes, NMR tubes, capillary tubes and
several different types of small vials. Slow evaporation in all these containers were also































Figure 3.14: IR(KBr) spectrum of 18
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In
Figure 3.15: Proposed structure of 18 by computer program Spartan
Similar to the gallium complex 17, the indium complex 18 also should have C2
symmetric structure (Figure 3.15). The indium(III) is six coordinated due to lack of
significant dynamic NMR broadening. Again, its acid inertness is consistent with this
structure.
3.2.3 Synthesis of Yttrium(III) complex, 19
In the preparation of the yttrium(III) complex of 6, microwave was also used. One
equivalent of ?(?03)3·6?20 in methanol was added to a methanol solution of 6. Then
aqueous NaOH was added to adjust the pH to 12 to deprotonate the ligand and the
solution became very cloudy. The reaction was run closed-vessel in a microwave reactor
for one hour at 100 0C. A small amount of precipitate was removed and diethyl ether was
diffused into the supernatant to afford a white product (68% yield by mass recovery).
Both 1H NMR and 13C(1H) NMR spectra (Figure 3.16 and Figure 3.18) of this
show that the complex is C2-symmetrical. The proton spectrum reveals that the equatorial
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and axial protons of the ß-methylene in the six-membered chelate ring are overlapped (d
1.55-1.81, integration area of 4) while in the free ligand's spectrum they are well
separated (equatorial protons: d 1.74-1.83, axial protons: d 2.29-2.42) (Figure 3.17).
There are seven resonances in its 13C {?} NMR spectrum. The carbon resonance at d
23.82 can be assigned to the ß-carbons in the ring which could also be assigned by its 2D
[1H, 13C] gHMQC spectrum (Figure 3.19). As expected, only a single peak is observed in
31P(1H) NMR spectrum (Figure 3.20) at d 19.1 1 shifted from downfield from the ligand
value.
AK
Figure 3.16: 1H NMR spectrum of 19 in D2O
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3.5
Figure 3.17: 1H NMR spectrum of ligand 6 in D2O
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Figure 3.18: 13C(1H) NMR spectrum of 19 in D2O
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Figure 3.19: 2D [1H, 1JC] gHMQC NMR spectrum of 19
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Figure 3.20: 31Pi1H) NMR spectrum of 19 in D2O
The IR spectrum (Figure 3.21) of 19 shows bands at 2932 and 2817 cm"1 which are
due to CH2 stretches. The band at 1355 cm"1 is due to the antisymmetric vibration OfNO2
indicating a coordinated nitrate. The vsym(N02) vibration at 1070 cm" is also
characteristic of a bidentate chelating nitrate. A band at 970 cm"1 corresponds to the ?-
?? stretch.
Diethyl ether diffusion was used to grow crystals in methanol. Slow evaporation





Figure 3.21: IR(neat) spectrum of 19
Figure 3.22: Proposed structure of 19 by computer program Spartan
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Figure 3.22 shows the proposed structure of yttrium complex 19. Since the size of
yttrium(III) is large, the yttrium(III) should not fit well in the small cavity of ligand 6.
3.2.4 Synthesis of Lanthanum(III) complexes, 20 and 21
The same procedure was used to synthesize the lanthanum(III) complex of CB-
TE2P as the yttrium(III) complex 19 at pH 12. Lathanum(III) nitrate hexahydrate was
used as the metal salt and methanol was the solvent. The reaction was also run in a
closed-vessel in a microwave reactor for one hour at 100 0C. After similar work up, a
white solid was obtained (63% yield by mass recovery). Crystal growing was tried but no
X-ray quality crystals formed.
The 1H NMR spectrum (Figure 3.23) of 20 reveals that the most upfield pattern (d
1.58-1.82) corresponds to ß-methylene protons in the chelating ring. A doublet carbon
resonance at d 50.36 can be assigned to the carbons in pendant arms in its C{ H} NMR
spectrum (Figure 3.24). The 1JpC coupling constant is 134.6 Hz. Another carbon
resonance at d 23.61 corresponds to the ß-carbons of the three carbon bridges. The
31P(1H) NMR spectrum (Figure 3.25) of 20 shows a single peak at d 17.95 which also
confirmed its C2-symmetric structure.
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Figure 3.23: 1H NMR spectrum of 20 in D2O
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Figure 3.24: 13C(1H) NMR spectrum of 20 in D2O
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Figure 3.25: 31P(1H) NMR spectrum of 20 in D2O
The IR (neat) (Figure 3.26) spectrum of complex 20 contains a broad band at
around 3242 cm"1 corresponding to the O-H stretch of water which is also confirmed by
CHN analyses. Bands in the 2800-3000 cm"1 region correspond to the aliphatic CH2
stretches from the ring and the pendant arms. The band at 1357 cm"1 can be attributed to a





Figure 3.26: IR(neat) spectrum of 20
Another lanthanum(III) complex of CB-TE2P was also synthesized. Ligand 6 and
La(N03)3'6H20 were dissolved in methanol. Aqueous NaOH was added to adjust the pH
to 5. The reaction was run in the closed-vessel mode in a microwave reactor for one hour
at 100 0C. A small amount of precipitate was removed via centrifugation and diethyl
ether was diffused in to the supernatant to form a white solid 21 (60% yield by mass
recovery). Again, efforts to grow X-ray quality crystals were unsuccessful.
Figure 3.27 and Figure 3.28 show the 1H NMR and 13C(1H) NMR spectra of 21.
The most upfield proton doublet corresponds to the equatorial ß-methylene protons in the
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chelate ring in the proton NMR spectrum. The second most upfield multiplet is assigned
to the axial protons on the central methylene of the three carbon bridges. Seven carbon
resonances are observed in its 13C(1H) NMR spectrum and a single peak is found in its
31P(1Hj NMR spectrum at d 8.62. There are also some impurity peaks around d 20. Both
spectra confirm the structure to be C2 symmetrical (Figure 3.29).
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Figure 3.27: 1H NMR spectrum of 21 in D2O
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Figure 3.28: 13C(1H) NMR spectrum of 21 in D2O
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Figure 3.29: 31P(1H) NMR spectrum of 21 in D2O
The complex was also analyzed by IR spectroscopy (Figure 3.30). A broad band
around 3250 cm"1 corresponds to water and methanol which is also confirmed by
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-1elemental analyses. This infrared spectrum shows bands around 1485 and 1344 cm" due
to v(N=0) and Vasym(N02) of the coordinated nitrate. The separation of the nitrate
stretching bands has been used as a criterion to distinguish between mono- and bidentate
chelating nitrate.47 A separation of around 150 cm"1 for trivalent lanthanide complexes is
indicative of bidentate coordination of the nitrate ion. Again, the vsym(N02) vibration at
1046 cm"1 is also characteristic of a bidentate chelating nitrate. A band appears at 974
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Figure 3.30: IR(neat) spectrum of 21
Comparing complex 20 and 21, ß-methylene protons have different chemical shifts
in their 1H NMR spectra. The equatorial and axial protons are overlapped in complex 20
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31r>rhTable 5: Chemical shifts in "P(1H) NMR spectra
Table 5 summarizes the chemical shifts in 31P(1H) NMR spectra of metal
complexes 17, 18, 19, 20, 21 and free ligand 6. Lanthanum complex 21 has a chemical
shift of 8.62 which is close to the free ligand 6 while other metal complexes have more
downfield resonances. This indicates that the lanthanum complex 21 may have a out-of -
cavity structure which is different from all the other metal complexes. From IR data, the
increase of the intensity of bidentate nitrate band around 1050 cm" in complex 21
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relative to the other band around 1350 cm"1 from NO2 stretch indicates there is more
nitrate coordination which is consistent with the metal being out-of-cavity in complex 21.
3.2.5 Synthesis of the Vanadyl complex, 22
The ligand 6 was dissolved in methanol and vanadyl sulfate pentahydrate was added.
The pH was adjusted to 5 by adding aqueous NaOH. The solution was put in a closed
vessel and the reaction was run in a microwave reactor for half an hour at 100 0C. Some
precipitate formed and was separated using centrifugation and the light blue supernatant




\ A ?98 \ ff-"? / Y Vi96 / V\ /s~





















//m /ICD64 inm /en cos>62
(O CO
<* s> co60 m r^ rf.
1 . . , , , , 1 1 r—
4000 3500 3000 2500 2000 1500 1000Wavenumbers (cm-1)
Figure 3.31: IR(neat) spectrum of 22
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NMR spectroscopy can not be used for this paramagnetic product. Its IR (neat)
spectrum (Figure 3.31) contains bands in the 2800-3000 cm"1 region attributed to CH2
stretches from the ligand. A characteristic V(IV)=O stretch appears at 996 cm" while the
vanadyl CB-TE2A complex 10 shows the band at 969 cm"1.Bands at 1054 and 585 cm"1
correspond to the sulfate group whose presence is also confirmed by elemental analyses.
The maximum absorption in the visible region of the electronic spectrum in methanol is
observed at 869 nm. (e = 29 M"1 cm"1)
3.3 Kinetic inertness studies
Complexes for acid decomplexation studies were prepared according to the
procedures described above in Chapter II. Proton NMR spectra of these complexes
recorded at specific time intervals were used to monitor their decomplexation in 0.99 N
or 5.02N DCI/D2O at room temperature and at 9O0C. All the room temperature samples
were sealed in NMR tubes with caps and parafimi. High temperature samples were
securely sealed using Wilmad screw-cap NMR tubes. The data were acquired on the 400
MNz NMR spectrometer (Varían Mercury-400) or a 500 MHz NMR spectrometer
(Varían Invoa-500). Other high temperature data were collected on batch samples placed
in a constant temperature water bath. Complex concentrations were between 0.018 and
0.037 M.
At room temperature, the Y(III) complex 19 and both of the La(III) complexes 20,21
decomplexed immediately after dissolving in IN DCl. By contrast, spectra of Ga(III) and
In(III) complexes 17,18 did not change after 6 months. Thus 5.02 N acid was used to
enhance the acid decomplexation. Neither of these complexes decomplexed over a period
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of 6 months at room temperature. When the progress were monitored at 90 0C, after one
month, there was still no decomplexation observed in either sample. These may be the
most inert metal complexes of this type since half-lives for Ga-CB-TE2A in 4.97 N
DCI/D2O at 90 0C is 161 (± 3) hours and that for [In-CB-TE2A]PF6 in 1.02 N
DCIO4/D2O at 25 0C is 630 (± 71) hours.
3.4 Summary and conclusion
Ga(III), In(III), Y(III), La(III) and vanadyl metal complexes of ligand 6 were
prepared and characterized spectrally. Microwave-assisted conditions were used to
synthesize all the complexes. The reaction pH was carefully controlled in all the cases.
Ga(III) complex shows a yellow color which might be from a small amount of colored
impurity. From their IR spectra, all Y(III) and La(III) complexes contained additional
bidentate nitrate due to their higher coordination numbers. Both the Ga(III) and In(III)
complexes are remarkably stable under very acidic conditions even at high temperature.
However, no X-ray qualify crystals were obtained for any of these complexes.
Seven trivalent metal complexes of cross-bridged ligands including Y(III)
complexes 8 and 19, La(III) complexes 9, 20 and 21, Ga(III) complex 17, In(III) complex
18 as well as two vanadyl complexes 10 and 22 have been prepared and characterized.
Microwave-assisted conditions have been shown to be successful for the synthesis. X-
ray structural data for complexes 8 and 9 have also been obtained and showed out-of -




Both Y(III) complexe 8 and La(III) complex 9 show out-of-cavity structure, effort
could be made to push the metals into the cavity. Further acid decomplexation of Ga(III)
complex 17 and In(III) complex 18 should also be studied. Ga-CB-TE2P complexes 17
has not been purified, a small amount of colored impurity need be removed. X-ray crystal




General Methods and Materials
1H NMR and 13C(1H) NMR spectra were obtained from Varían Mercury-400BB
and Varían Inova-500 spectrometers. Chemical shift (d ) values are reported in parts per
million (ppm). Acetonitrile was used as internal standard for NMR spectra OfD2O
solutions. The methyl resonance was set at d 2.06 for 1H NMR spectra, d 1.47 for 13C(1H)
NMR and coupling constants (J values) are in Hertz (Hz). 31P(1H) NMR were acquired
in a Varían Mercury-400BB NMR spectrometer. Chemical shifts are reported in parts per
million (ppm) relative to an external 85% phosphoric acid standard. Infrared
spectroscopy was collected on a Thermo-Nicolet IRlOO spectrometer or Thermo-Nicolet
iSlO FT-IR spectrometer and absorptions are reported in wavenumber (cm"1). Elemental
analyse were obtained from Atlantic Microlab. Inc., Norcross, GA. UV-Vis data were
taken at room temperature on a Varían 50 Spectrophotometer. X-ray Crystallography was
performed by Arnold L. Rheingold and coworkers at the University of California, San
Diego, La Jolla, California. Microwave reactions were performed in a CEM Discover
microwave reactor in a closed pressurized vessel mode with power setting at 300 W.
Bulk solvent removal was by rotary evaporation under reduced pressure and trace solvent
removal from solids was by vacuum pump. All solvents were reagent grade and were
dried as needed. Deuterated NMR solvents were obtained from Cambridge Isotope
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Laboratories. Cross-bridged ligands were prepared as described previously at the end of
Chapter I (Scheme 1 and Scheme 2). All metal salts were obtained commercially and
used without further purification.
[Yttrium complex 8]. To a methanol solution solution (1 mL) of ligand 5»3TFA
(70.4 mg, 0.103 mmol), a methanol solution (1 mL) of?(?03)3·6?20 (40.7 mg, 0.105
mmol) was added. The pH of the resulting solution was adjusted to 5 by adding aqueous
IN NaOH. The reaction was run in the closed-vessel (10 mL vessel) mode for 1 hour in
the microwave reactor at 100 0C. The yellow precipitate was removed by centrifugation.
Ether diffusion into this solution afforded a yellow oil. The oil was washed with 2 ml
methanol and the resulting white precipitate was centrifuged off . The solvent was
removed and formed the desired product (47.2 mg, 77.0%). IR (neat)/cm_1 3392, 2959,
1630, 1307, 1200, 719. 1H NMR (399.75 MHz, D2O): d 1.70-1.78 (2H, dm,
CH2CZ^HCH2), 2.30-2.43 (2H, qm, CH2CHHaXCH2), 2.55-2.62 (2H, dm), 2.75-2.94
(4H, m), 2.98-3.13 (4H, m), 3.19-3.26 (2H, dm), 3.32-3.44 (4H, m, 2H from
NCMiCOO), 3.50-3.60 (2H, tm), 3.64-3.74 (2H, tm), 4.06-4.16 (2H, dm, NCHHCOO).
13C(1Hi NMR (125.68 MHz, D2O): d 20.00 (CH2CH2CH2), 48.62, 49.1 1, 52.10, 57.24
(NCH2COO), 58.25, 58.59, 170.99 (CH2COO). Elemental analysis: Found: C, 30.01; H,
5.46; N, 12.62. Cale for YC16H3oN404(N03)3(CH3OH)2.6(H20)(CF3COONa)0.4: C, 30.14;
H, 5.53; N, 12.68. Crystals of 8 suitable for X-ray diffraction were obtained by slow
diffusion of ether into a methanolic solution of the product at room temperature.
[Lanthanum complex 9] To a methanol solution solution (1 mL) of ligand 5«3TFA
(69.6 mg, 0.102mmol), a methanol solution (1 mL) of La(N03)3»6H20 (44.7 mg,
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0.104mmol) was added. The pH of the resulting solution was adjusted to 5 by adding
aqueous IN NaOH. The reaction was run in the closed-vessel (10 mL vessel) mode for 1
hour in the microwave reactor at 100 0C. The yellow precipitate was removed by
centrifugation. Ether diffusion into this solution afforded a yellow oil. This oil was
washed with methanol and the white precipitate was centrifuged off . The solvent was
removed from supernatant to give the desired product (48.0 mg, 72.4%). IR (neat)/cm~
3424,2852, 1685, 1619, 1313, 1201, 1127,719. 1HNMR (499.78"MHz, D2O): d 1.70-
1.78 (2H, dm, CH2CiZ^HCH2), 2.29-2.41 (2H, qm, CH2CH//öxCH2), 2.54-2.62 (2H,
dm), 2.79-3.02 (4H, m), 3.04-3.12 (6H, m), 3.18-3.25 (2H, dm), 3.33-3.42 (4H, m, 2H
from NCMiCOO), 3.45-3.55 (2H, tm), 3.64-3.73 (2H, tm), 4.06-4.14 (2H, dm,
NCH/7COO). 13C(1H) NMR (125.68 MHz, D2O): d 19.64 (CH2CH2CH2), 48.27, 48.76,
52.31, 56.69 (NCH2COO), 57.89, 58.34, 171.33 (CH2COO). Elemental analysis: Found:
C, 27.98; H, 4.56; N, 11.72. Cale for La3(C16H3oN404)4(N03)9(H20)i2 (CF3COONa)3: C,
28.32; H, 4.89; N, 1 1.80. Crystals of 9 suitable for X-ray diffraction were obtained by
slow diffusion of ether into a methanolic solution of the product at room temperature.
[Vanadyl complex 10]. To a methanol solution (1 mL) of ligand 5»3TFA (35.6 mg,
0.052mmol), VOS04»5H20 (13.4 mg, O.053mmol) was added in one portion. The pH of
the resulting solution was adjusted to 5 by adding aqueous IN NaOH. The reaction was
run in the closed-vessel (10 mL vessel) mode for 0.5 hour in the microwave reactor at
100 0C. The gray precipitate was removed by centrifugation. Ether diffusion into this
solution afforded a dark-green precipitate. The resulting solid was washed with methanol
and dried to give the desired product (16.3mg 77.0%). IR (neat) )/cm4 1650, 1119, 1 126,
1055, 969, 719. Elemental analysis: Found: C, 40.22; H, 6.71; N, 10.53. Cale for
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VOCi6H30N4O4(CH3OH)1.g (Na2SO4)0.5: C, 39.88; H, 6.62; N, 10.45. Electronic data:
(H2O) Xn13x, 670 run. (e = 1 1 M"1 cm"1)
[Gallium complex 17]. To a water solution (1 mL) of ligand 6 (21.2 mg, 0.046
mmol), an aqueous solution (1 mL) of Ga(N03)3«H20 (12.1 mg, 0.047 mmol) was added.
The pH of the result solution was adjusted to 4.0 by adding aqueous 0.1N NaOH. The
reaction was run in the closed-vessel (10 mL vessel) mode for 2 hours in the microwave
reactor at 1 80 0C. When the reaction was complete, the solvent was removed under
vacuum and 2 mL methanol was added. The supernatant was isolated from a small
amount of precipitate via centrifugation. Ether diffusion into this solution afforded a
yellow precipitate. The solvent was removed and the yellow powder was dried under
vacuum (16.2 mg, 64.5%). IR (solid KBrVCm-1 3435, 1639, 1386, 1093. 1H NMR (499.78
MHz, D2O): d 1.78-1.85 (2H, dm, CH2CZZ^HCH2), 2.23-2.34 (2H, qm, CH2CH//axCH2),
2.91-3.12 (6H, m), 3.28-3.44 (14H, m), 3.54-3.65 (4H, m). 13C(1H) NMR (125.68 MHz,
D2O): d 22.18 (CH2CH2CH2), 50.55, 51.14, 55.62, 60.85 (NCH2P, 1JpC= 132.0 Hz), 61.64,
62.14 (NCH2CH2NCH2P, 3JPC= 15.1 Hz). 31P(1H) NMR (161.83 MHz, D2O): d 19.09.
Elemental analysis: Found: C, 25.62; H, 5.85; N; 11.14. Cale, for
GaCi4H3ON4P2O6(NO3)(H2O)4(NaNO3)O3(NaCl)02: C, 25.74; H, 5.86; N. 11.36.
[Indium complex 18]. To an aqueous solution (1 mL) of ligand 6 (20.0 mg, 0.044
mmol), an aqueous solution (1 mL) of ??(?03)3·5?20 (17.9 mg, 0.046 mmol) was added.
The pH of the resulting solution was adjusted to 4.0 by adding aqueous 0.1 N NaOH. The
reaction was run in the closed-vessel (10 mL vessel) mode for 2 hours in the microwave
reactor at 150 0C. The solvent was removed and 2 mL methanol was added and a small
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amount of precipitate was removed by centrifugation. Ether diffusion into this
supernatant afforded a white precipitate. The white powder was dried under vacuum
(20.0 mg, 77%). IR (solid KB^/cm"1 3443, 1639, 1386, 1090. 1H NMR (399.74 MHz,
D2O): d 1.83-1.93 (2H, dm, CH2CT^HCH2), 2.27-2.43 (2H, qm, CH2CHTZoJtCH2), 2.88-
3.11 (8H), 3.16-3.38 (12H), 3.50-3.60 (2H, tm), 3.82-3.92 (2H, tm). 13C(1H) NMR
(100.52 MHz, D2O): d 23.17 (CH2CH2CH2), 50.00, 51.08, 55.89, 59.62 (NCH2P, 1JpC=
128.7 Hz), 60.87, 62.59 (NCH2CH2NCH2P, 3JPC= 14.1 Hz). 31P(1HJ NMR (161.83 MHz,
D2O): d 15.20. Elemental analysis: Found: C, 23.66; H, 5.54; N; 9.02. Cale, for
InCi4H30N4P2O6(NO3)(H2O)38(CH3OH)13(NaCl)I3: C, 23.70; H, 5.56; N. 9.03.
[Yttrium complex 19]. To a methanol solution (1 mL) of Ligand 6 (24.3 mg, 0.053
mmol), a methanol solution of (1 mL) of ?(?03)3·6?20 (20.9 mg, 0.054 mmol) was
added. An amount of 0.4 mL aqueous IN NaOH was added to form a cloudy solution and
the pH was to be at 12. The reaction was run in the closed-vessel mode for 1 hour in the
microwave reactor at 100 0C. The precipitate was centrifuged off and ether diffusion into
the resulting solution afforded a white solid. (20.2 mg, 67.5%). IR (solid KBrVcm"1 3405,
2797, 1657, 1360, 1108, 1070,978. 1H NMR (399.74 MHz, D2O): d 1.55-1.81 (4H, dm,
CH2CTT^HCH2 and CH2CHTTuJcCH2), 2.62-2.88 (10H, m), 2.90-3.08 (8H, m), 3.10-3.19
(2H, m), 3.23-3.32 (2H, m), 3.46-3.58 (2H, m). 13C(1Hj NMR (125.68 MHz, D2O): d
23.82 (CH2CH2CH2), 49.76, 51.10, 51.59, 51.86, 55.67, 56.23. 31P(1H) NMR (161.83
MHz, D2O): d 19.11. Elemental analysis: Found: C, 22.01; H, 5.37; N, 11.27; Cl, 1.07.
Cale for YC14H3ON4P2O6(NO3)(NaNO3)(NaCl)02(H2O)55: C, 22.15; H, 5.44; N, 11.07; Cl,
0.93.
74
[Lanthanum complex 20]. To a methanol solution (1 mL) of Ligand 6 (26.5 mg,
0.058 mmol), a methanol solution of (1 mL) of La(N03)3»6H20 (25.8 mg, 0.060 mmol)
was added. An amount of 0.4 mL aqueous IN NaOH was added to form a cloudy
solution and the pH was found to be 12. The reaction was run in the closed-vessel mode
for 1 hour in the microwave reactor at 100 0C. The precipitate was centrifuged off and
ether diffusion into the resulting solution afforded a white solid. (22.4 mg, 62.8%). IR
(neatycm"1 3242, 2812, 1657, 1357, 1054, 969. 1H NMR (399.75 MHz, D20): d 1.58-
1.82 (4?, dm, CH2CiZe^HCH2 and CH2CHZZaJcCH2), 2.64-2.91 (1OH, m), 2.93-3.08 (8H,
m), 3.12-3.21 (2H, m), 3.27-3.36 (2H, m), 3.46-3.58 (2H, m). 13C(1H) NMR (100.53
MHz, D2O): d 23.61 (CH2CH2CH2), 50.36 (NCH2P, 1JpC= 134.7 Hz), 51.55, 51.75, 51.92,
55.81, 56.27. 31P(1H) NMR (161.83 MHz, D2O): d 17.95. Elemental analysis: Found: C,
18.30; H, 4.34; N, 10.76; Cl, 0.43. Cale for LaCi4H30N4P2O6(NO3)
(H20)54(NaN03)2.i(NaCl)o.2: C, 18.67; H, 4.57; N, 11.04; Cl, 0.79.
[Lanthanum complex 21]. To a methanol solution (1 mL) of ligand 6 (25.4 mg,
0.056 mmol), a methanol solution (1 mL) of La(N03)3»6H20 (24.7 mg, 0.058 mmol) was
added. The pH of the result solution was adjusted to 4 by adding aqueous IN NaOH. The
reaction was run in the closed-vessel (10 mL vessel) mode for 1 hour in the microwave
reactor at 100 0C. Ether diffusion into this solution afforded a white precipitate (25.0mg,
60.4%). IR (neat)cm-1 3238, 1629, 1485, 1344, 1046, 974. 1H NMR (500 MHz, D2O): d
1.77-1.82 (2H, dm, CH2CZZe0HCH2), 2.28-2.40 (2H, qm, CH2CHZZaJcCH2), 2.52-2.60
(2H, dm), 2.84-3.03 (6H, m), 3.04-3.20 (6H, m), 3.28-3.35 (2H, dm), 3.41-3.50 (2H, tm),
3.71-3.80 (2H, tm), 4.00-4.17 (4H, m). 13C(1H) NMR (125.68 MHz, D2O): d 19.66
(CH2CH2CH2), 48.31, 50.98, 51.83, 52.03, 57.57, 58.07. 31P(1H) NMR (161.83 MHz,
75
D2O): d 8.62. Elemental analysis: Found: C, 22.66; H, 5.51; N, 10.48; Cl, 0.47. Cale for
LaC14H30N4P2O6(NOs)3(CH3OH)32(H2O)34(NaCl)Oi: C, 22.73; H, 5.72; N, 10.79; Cl,
0.39.
[Vanadyl complex 22]. To a methanol solution (2 mL) of ligand 6 (26.6 mg, 0.059
mmol), VOS04#5H20 (15.4 mg, 0.061mmol) was added as one portion. The pH of the
result solution was adjusted to 4 by adding aqueous 1 N NaOH. The reaction was run in
the closed-vessel (10 mL vessel) mode for 0.5 hour in the microwave reactor at 100 0C.
Ether diffusion into this solution afforded a blue precipitate (22.2 mg 78.2%). IR
(neatycm"1 3429, 1644, 1466, 1213, 1130, 996, 750. Elemental analysis: Found: C, 26.46;
H, 5.39; N, 7.54; Cl, 1.03. Cale for VOCI4H3ON4P2O6(CH3OH)24(Na2SO4)I2(NaCl)02: C,
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